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Mutations in the gene superoxide dismutase 1 (SOD1) are causative for familial forms of the neurodegenerative disease 
amyotrophic lateral sclerosis. When the first SOD1 mutations were identified they were postulated to give rise to amyotrophic 
lateral sclerosis through a loss of function mechanism, but experimental data soon showed that the disease arises from a — still 
unknown — toxic gain of function, and the possibility that loss of function plays a role in amyotrophic lateral sclerosis patho- 
genesis was abandoned. Although loss of function is not causative for amyotrophic lateral sclerosis, here we re-examine two 
decades of evidence regarding whether loss of function may play a modifying role in SOD1-amyotrophic lateral sclerosis. 
From analysing published data from patients with SOD1-amyotrophic lateral sclerosis, we find a marked loss of SOD1 
enzyme activity arising from almost all mutations. We continue to examine functional data from all Sod1 knockout mice and 
we find obvious detrimental effects within the nervous system with, interestingly, some specificity for the motor system. Here, 
we bring together historical and recent experimental findings to conclude that there is a possibility that SOD1 loss of function 
may play a modifying role in amyotrophic lateral sclerosis. This likelihood has implications for some current therapies aimed 
at knocking down the level of mutant protein in patients with SOD1-amyotrophic lateral sclerosis. Finally, the wide-ranging 
phenotypes that result from loss of function indicate that SOD1 gene sequences should be screened in diseases other than 
amyotrophic lateral sclerosis. 
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Introduction 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder 
characterized by the progressive loss of upper and lower motor 
neurons. Its clinical course is relentlessly progressive and typically 
causes death within 3 to 5 years of onset, mostly due to respira- 
tory failure (Haverkamp et a/., 1995). Similar to other major 
neurodegenerative disorders, such as Alzheimer's disease and 



Parkinson's disease, ALS is typically sporadic, but 5-10% of 
cases have an autosomal dominant pattern of transmission and 
are termed 'familial' (Rothstein, 2009). In 1993 the first causative 
mutations were found within the gene encoding the enzyme, 
superoxide dismutase 1 (SOD1) (Deng et al., 1993; Rosen 
et al., 1993). Since then, over 155 SOD1 mutations have been 
described (although pathogenicity has not been shown for all of 
these changes) and these mutations account for up to 20% of 
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Figure 1 Diagram of human SOD1 mutations, variants and activity in the current literature. The amino acid sequence of SOD1 is 
shown, with the location of introns (A). One hundred and fifty-five SOD1 mutations described in patients with ALS are annotated; data 
are taken from the ALS online database (ALSoD, http://alsod.iop.kcl.ac.uk, January 2013) and additional literature. Note that only 
variations that are predicted to affect the amino acid sequence of the protein have been included. Pathogenicity has not been shown 
for all mutations. Mutations listed on ALSoD, lnsAexon2 and E133del are the same as mutations V29insA and E133delGAA, re- 
spectively, and so have not been annotated separately. Similarly, we believe the mutation D125TT to be L126delTT and mutation 
E133insTT to be E132inTT. Information about highlighted structural elements was from Wang etal. (2006). Additional references are 
Pramatarova et al. (1995) and Kobayashi et al. (2012). locations where two nucleotide changes results in the same amino acid 
substitution; ^Mutations which result in a frameshift and premature stop codon. (B) Diagram of human SOD1 mutations and overall 
enzyme activity measured in red blood cells, fibroblast and lymphoblast cell lines. Measurements from patients carrying 48 SOD1- 
familial ALS mutations between 1993 and December 2012; original references are cited in Supplementary Table 1. All measures fall 
below 100% normal activity. Three mutations found in homozygous individuals are shown on the right hand side of the figure. Red 
circles show measures of intrinsic activity where these are known. We note that all mutations shown here are familial, not sporadic, and 
have supporting data indicating they are ALS causative (Supplementary Table 1). Where more than one publication shows overall 
activity for an individual mutation the value from the report with the highest sample size has been plotted. Refer to supporting 
references for details. Het = heterozygous; Horn = homozygous. 



familial ALS cases (Fig. 1) and 3% of sporadic ALS cases (Pasinelli 
and Brown, 2006; Acevedo-Arozena etal., 2011; Andersen and Al 
Chalabi, 2011). 

SOD1 is ubiquitously expressed and highly conserved across 
species (Fridovich, 1995). The gene is composed of five exons 
encoding a 153 amino acid metalloenzyme, also referred to as 
Cu/Zn superoxide dismutase. The protein localizes to the cyto- 
plasm, nucleus, lysosomes and intermembrane space of 



mitochondria (Chang et al., 1988; Keller et al., 1991; Crapo 
et al., 1992; Sturtz et al., 2001). It binds copper and zinc ions 
and forms a homodimer whose main known function is as a dis- 
mutase removing dangerous superoxide radicals by metabolizing 
them to molecular oxygen and hydrogen peroxide, thus providing 
a defence against oxygen toxicity. Recently, SOD1 has been found 
to be critical for repressing respiration and directing energy 
metabolism through integrating responses to 0 2 , glucose and 
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superoxide levels (through casein kinase signalling); this role is 
independent of its function in oxidative stress (Reddi and 
Culotta, 2013). Other described functions are nitration of proteins 
(Beckman et al., 1993), copper buffering (Culotta et al., 1997), 
phosphate activation (Wang et al., 1996), zinc homeostasis (Wei 
et al., 2001), thiol oxidation, and immunomodulation — modula- 
tion of SOD1 activity may differentially affect the NO-dependent 
microbicidal activity and release of cytokines by activated macro- 
phages (AAarikovsky et al., 2003). Further, SOD1 is produced at 
high levels that have not yet been explained by known functions, 
therefore, it may well play other roles both neuron-specific and 
generally (Reddi and Culotta, 2013). 

The finding of loss of dismutase activity in patients with ALS 
and the distribution of ALS-causative mutations spread throughout 
the SOD1 gene initially suggested loss of function as a mechanism 
(Deng et al., 1993; Rosen et al., 1993). However, evidence for a 
gain of function mechanism was quick to follow from analysis of 
mutant SOD1 transgenic (tgSOD7) mouse models. The first of 
these, tgSOD1 C93A , carries an ALS-causative point mutation 
resulting in a glycine to alanine substitution at residue 93 
(Gurney et al., 1994). Currently there are more than 12 different 
published human mutant SOD1 transgenic strains (Joyce et al., 
2011) and most of them (including tgSOD1 C93A ) have increased 
dismutase activity because they greatly overexpress transgenic 
mutant human SOD1 in addition to endogenous mouse SOD1 
and they develop a progressive adult-onset motor phenotype, 
accompanied by a striking loss of lower motor neurons. 

Thus a loss of function mechanism became less favoured com- 
pared with gain of function because: (i) in humans, a lack of 
correlation was found between SOD1 dismutase activity and 
aggressiveness of clinical phenotypes (Ratovitski et al., 1999); 
(ii) in mice, a lack of overt ALS-like phenotype was found in 
Sod1 null (Sodl~'~) animals, the first of which was published 
by Reaume et al. (1996); whereas (iii) transgenic mouse models 
over-expressing mutant human SOD1 have increased SOD1 activ- 
ity and a loss of motor neurons that models human ALS. 

The death knell for loss of function came in a seminal study 
published by the Cleveland laboratory (Bruijn et al., 1998) who 
analysed survival time in mice carrying a mutant SOD1 transgene 
(tgSOD7 C85R ) on a normal mouse background (i.e. with two 
copies of the endogenous mouse Sod1 gene) compared with the 
same transgene on a Sod1~'~ background. They found no 
change in survival of the mice, thus concluding that survival was 
entirely due to a gain of function mechanism, and independent of 
mouse SOD1 loss of function. These findings essentially ended the 
debate for a role of loss of function as a contributor to SOD1- 
familial ALS (Bruijn et al., 1998). 

SOD1 mutations remained the only known cause of 'classical' 
ALS until causative mutations in the gene TARDBP were found 
(Sreedharan et al., 2008), and therefore have been studied exten- 
sively in a variety of animal and cellular models (llieva et al., 
2009). The causative gain of function is indisputable and several 
mechanisms by which this occurs have been proposed and com- 
prehensively reviewed (Turner and Talbot, 2008; llieva et al., 
2009; Rothstein, 2009). However, in recent years a number 
of laboratories have further investigated Sod1 knockout mice, 
examining their neuromuscular involvement and non-neurological 



features. Data from these investigations and recent experiments 
using transgenic SOD7 overexpressing mice have pointed to the 
possibility of a modifying role played by loss of dismutase activity 
on familial ALS disease course. 

Here we review what is known about SOD1 loss of function 
and the evidence to suggest it may play a role in ALS pathogenesis 
after all, possibly through increased susceptibility to neurodegen- 
eration. It is important and timely to consider these data because 
they are relevant to current therapeutic strategies to reduce the 
level of mutant familial ALS-SOD1 in heterozygous individuals. 
Such strategies could provide badly needed approaches to ameli- 
orating the ALS phenotype, but clearly SOD1 loss has effects on 
both neuronal and non-nervous system tissues. SOD1 loss of func- 
tion data also strongly suggest that SOD1 should be screened in 
disorders other than ALS. 

SOD1 dismutase activity is 
greatly reduced in patients 
with SOD1 -familial 
amyotrophic lateral sclerosis 

Dismutase activity is the best characterized function of SOD1 . Two 
other dismutases, encoded by separate genes, have been identi- 
fied in mammals: SOD2 (Mn-SOD), which has manganese (Mn) 
as a cofactor and localizes to the mitochondrial matrix (Fridovich, 
1986; Zelko ef al., 2002) and SOD3 (Fe-SOD), which exists as a 
homotetramer and is mainly extracellular (Marklund et al., 1982). 
The existence of three enzymes with dismutase activity may com- 
plicate measures of SOD1 activity alone. 

Box 1 Methods of measuring SOD1 dismutase activity 

Activity A sample is collected from the tissue of interest, such as 
assay: red blood cells. Xanthine-xanthine oxidase is added 
to the sample to generate superoxide anions (Oj), 
and then a chromagen is used as an indicator of Oj 
production. In the presence of SOD, OJ concentrations 
are reduced, resulting in decreased colorimetric signal. 
However, all three SOD isoforms contribute to the ac- 
tivity measured, and so SOD1 activity is obtained in- 
directly by subtracting SOD2 and SOD3 activity from 
total SOD activity. This is achieved by running a 
parallel assay with the addition of potassium cyanide 
which preferentially inhibits SOD1 (Roe et al., 1988). 

Gel Proteins from the tissue of interest are separated by elec- 
assay: trophoresis in a native gel which is subsequently 
stained using a solution of nitro blue tetrazolium and 
riboflavin. Riboflavin is a source of OJ when exposed 
to light. The superoxide anions interact with nitro blue 
tetrazolium, reducing the yellow tetrazolium within the 
gel to a blue precipitate. This reduction reaction stains 
the gel blue; however, SOD inhibits this reaction, re- 
sulting in colourless bands where SOD is present. As 
the intensity of these bands is relative to the amount of 
SOD present, quantification can be inferred by measur- 
ing the intensity of the bands at the correct molecular 
weight using digital software (Weydert and Cullen, 
2010). 
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In patients with ALS, SOD1 activity has most commonly been 
measured using two methods, generally either (i) the 'activity 
assay' which measures total dismutase activity of all three enzymes 
and then subtracts SOD2 and SOD3 activity, to leave only SOD1 
activity; or (ii) the 'gel assay' in which the three enzymes 
are separated by electrophoresis and then dismutase activity is 
measured within the band of the correct size for the SOD1 
dimer (Box 1). 

Intrinsic and overall SOD1 
activity 

The dismutase activity of SOD1 can be measured in two ways 
depending on whether the focus is on (i) the 'intrinsic' SOD1 
activity, which reflects the enzymatic efficiency of the protein 
and is obtained by measuring the activity of recombinant SOD1 
protein normalized to its quantity; or (ii) the 'overall' activity 
within a tissue sample, which may be affected by various factors 
in the cellular environment (as described below), and is obtained 
by normalizing dismutase activity to the quantity of tissue. This 
last measure has generally been used with patients with familial 
ALS, and is a reflection of the amount of activity present in a 
biological context. 

Intrinsic activity influences the overall activity, but is only one of 
the determinants; the others being any factor that affects the 
quantity, biological availability and functionality of SOD1 . 
Amongst these are SOD1 messenger RNA half-life, SOD1 protein 
half-life, correct folding of SOD1, CuJ-loading of SOD1 and other 
post-translational modifications (Wilcox et al., 2009). In general, 
the 'overall' activity is an unbiased measure that takes into ac- 
count known and unknown influences on SOD1 enzyme activity. 
Measurements are generally expressed relative to normal control 
samples. 

Overall SOD1 activity is 
reduced in human amyotrophic 
lateral sclerosis samples 

Intrinsic SOD1 activity has been measured in at least eight mutant 
proteins, giving diverse results ranging from 0-150% of human 
wild-type SOD1 activity. Correlation between these values and 
clinical aspects of the disease was assessed and did not show 
significant links (Borchelt ef a/., 1994; Ratovitski et al., 1999). 

However, overall SOD1 activity has most commonly been mea- 
sured in red blood cells, fibroblasts and lymphoblastoid cell lines 
derived from patients carrying at least 48 different mutations, and 
has proved to be more homogeneous than measures of intrinsic 
activity. We have searched reports of SOD1 activity from 1993 to 
2012 in patients with SOD1-familial ALS and found that the 
majority of 48 tested mutations all have a reduction of overall 
activity. The average loss of activity is notable and averages 
58% (±17, SD) of normal values (Fig. 1). These results are of 
strikingly consistency given the variability arising from different 



laboratories performing the measurements and the naturally 
occurring variation in activity documented in blood samples (de 
Lustig etal., 1993; Borchelt et al., 1994; Robberecht et al., 1994). 

Overall SOD1 activity is normal or only slightly reduced in two 
mutations: the D90A in both homozygous and heterozygous pa- 
tients, and the L117V in heterozygotes; although measurement 
from a homozygous patient showed a reduction of 67% SOD1 
activity compared with control subjects (Andersen et al., 1995; 
Synofzik et al., 2012). Both these mutations are atypical, for 
example (i) SOD1 misfolding is not detected in cells derived 
from patients carrying these mutations (see below for association 
between SOD1 misfolding and SOD1 activity); (ii) the disease 
allele is homozygous in the majority of patients with D90A ALS 
and in one of four reported patients with L117V ALS; (iii) pene- 
trance in heterozygotes is low; and (iv) disease progression is 
unusually slow (Synofzik ef al., 2012). Possibly these mutants 
have a slightly increased propensity to aggregate that is sufficient 
to start the disease process, although with reduced frequency, in 
the CNS, but is not enough to determine misfolding and loss of 
dismutase activity in the periphery. 

Of note is the non-correspondence between the overall patient 
activity and the intrinsic activity; for example, the SOD1 G37R 
mutant has 150% intrinsic activity but only 40% overall activity 
compared with normal control subjects. Given that the intrinsic 
activity is only one of the determinants of the overall activity, 
other factors, such as the stability of mutant SOD1 protein, 
have been investigated to try to account for this loss of activity. 

Different mutant SOD1 proteins have been shown to have a 
variable half-life, but this is consistently reduced compared to the 
wild-type form (Sato et al., 2005). Calculations combining the 
measurement of intrinsic activity and half-life of six SOD1 -familial 
ALS mutant proteins predicted that the overall activity would have 
been only 50% of normal levels (Borchelt et al., 1994). Other 
studies and Fig. 1 are in accord with this finding (Deng et al., 
1993; Birve etal., 2010). Further, most measures of SOD1 activity 
from patients with ALS have been taken in red blood cells, and we 
note that these cells have no active protein synthesis and are on 
average 60 days old, making the system particularly responsive 
to detecting protein half-life changes (Broom et al., 2008). 
Nevertheless, when tested in post-mortem brain and spinal cord, 
SOD1 activity was found to be reduced to levels similar to those 
measured in red blood cells (Bowling et al., 1993; Rosen et al., 
1994; Watanabe ef al., 1997; Browne et al., 1998; Jonsson et al., 
2004), and when activity in red blood cells and CNS was 
compared in the same subset of patients, results were strikingly 
concordant (Rosen et al., 1994). 

Is SOD1 dismutase activity 
reduction exacerbated in 
motor neurons? 

SOD1 activity has not been specifically measured in motor neu- 
rons and other affected cell types from SOD1 -familial ALS post- 
mortem material, owing to technical difficulties in conducting 
these assays on limited micro-dissected material. The level of 
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activity reduction in these cell types is therefore unknown; how- 
ever, there is evidence that the dismutase activity reduction may 
be enhanced in motor neurons. 

RNA 

SOD1 messenger RNA was shown to form tissue-specific com- 
plexes with ribonucleoproteins from brain and spinal cord and 
these interactions prolong its half-life in these tissues. However, 
complex formation appears to be impaired when SOD1 messenger 
RNA carries ALS-causing mutations, therefore potentially reducing 
the half-life of mutant SOD1 messenger RNA preferentially in CNS 
of patients with SOD1 -familial ALS (Ge et al., 2006). 

Aggregation 

Indirect evidence indicates that SOD1 aggregation reduces dismu- 
tase activity. For example, data from cell experiments in which 
SOD1 G93A and amyloid-p were co-expressed, suggesting that ag- 
gregation results in reduction of SOD1 activity (Yoon et al., 2009). 
Further, two transgenic mouse lines over-expressing human wild- 
type-SOD1 at a high level and at 2-fold this level, were analysed 
for aggregation and SOD1 activity. In liver and muscle samples, 
aggregation was not found to be present, SOD1 protein levels 
were increased, as expected, 2-fold and SOD1 activity increased 
accordingly. However, in spinal cord and brain, where SOD1 
aggregation was clearly found, protein levels had a similar increase 
as in muscle and liver, but importantly SOD1 activity did not show 
an increase, strongly suggesting a link between protein aggrega- 
tion and activity (Graffmo ef al., 2013). Furthermore, even if 
SOD1 retains enzymatic activity in aggregates, it may not 
accomplish the same functions as when correctly targeted to the 
appropriate cell compartments. SOD1 misfolding and aggregation 
are a hallmark of SOD1 -familial ALS and have been extensively 
documented in SOD1 -familial ALS (Jonsson etal., 2008) and wild- 
type SOD1 has also been shown to be present in spinal cord 
aggregates of both patients with familial ALS (Jonsson et al., 
2004) and SOD1 mouse models (Deng et al., 2006; Wang 
et al., 2009a; Prudencio et al., 2010), thus making a dominant 
negative loss of function plausible. The recent finding of SOD1 
aggregation in cases with sporadic ALS (Bosco et al., 2010; 
Forsberg et al., 2010) makes this mechanism potentially relevant 
also to sporadic disease. 

Oxidative stress 

Lastly, oxidative stress induces SOD1 to monomerize as an inter- 
mediate step to aggregate formation and it is known that SOD1 
does not have dismutase activity in this form (Khare et al., 2004; 
Rakhit et al., 2004; Ezzi ef al., 2007; Wilcox et al., 2009). Motor 
neurons are known to be particularly susceptible to oxidative stress 
(Barber and Shaw, 2010) making this process potentially more 
pronounced in these cell types. 

The tissue-specific changes in SOD1 messenger RNA half-life 
and the effect of SOD1 aggregation and monomerization on 
dismutase activity, raise the possibility that SOD1 activity in the 
affected neurons may be lower than that measured from blood. 



How SOD1 activity in blood relates to that in spinal cord motor 
neurons is a critical issue that remains to be addressed. 

In summary, SOD1 overall activity is consistently reduced in 
blood samples of patients with SOD1 -familial ALS, likely owing 
to changes in protein activity and alterations in mutant protein 
half-life. Further, there is an additional possible tissue-specific 
dismutase activity reduction in neurons. 

Socf1 _/_ mice have 
neuromuscular, neuronal and 
extra-neuronal phenotypes 

An approach to elucidating the effect of SOD1 loss of function is 
to assess the phenotype of Sod1 null (Sodl~~ / ~) mice. 
Homozygous Sod1 null mice have been used to analyse the role 
of SOD1 in ALS, and for other purposes such as studying oxide 
radical-mediated toxicity in reproduction and development (Huang 
et al., 1997; Matzuk et al., 1998). To date five Sod! knockout 
mouse lines have been published: Soc/7 tm1Cpe (Reaume et al., 
1996); Sod7 tm1c ' e (Huang et al., 1997); Sod7 tm1Leb (Matzuk 
et al., 1998); Sod7 tm1Ysh (Ho et al., 1998); and Sod7 tm1Dkd 
(Yoshida et al., 2000). All were obtained by targeted deletion of 
different regions of the Sod1 gene, ranging from a single exon to 
the entire genomic sequence. For all five lines, no SOD1 protein is 
detectable in homozygous null mice and SOD1 activity is absent or 
very low [which may represent the background of the enzyme 
assay or might be caused by an endogenous superoxide dismutase 
activity supplied by an alternative scavenging enzyme (Reaume 
et al., 1996)]. 

Deletion of different portions of the same gene may result in 
different phenotypes, but the five Sod1 knockout strains have 
been compared in a number of studies and are strikingly similar 
(Huang etal., 1997; Kondo etal., 1997; Kostrominova, 2010). For 
example, skeletal muscles of three different Sod1 null strains were 
compared and all developed accelerated age-related muscle 
denervation (Kostrominova, 2010). Genetic background may also 
influence phenotypes, however the majority of the studies 
discussed here, have been carried out on Sod1~'~ mice on a 
congenic C57BL/6 background, making results from different 
laboratories comparable. 

When Sodl~'~ mice were first generated, a key issue was 
whether they developed motor neuron degeneration. The first 
analysis, from Reaume et al. (1996), found no reduction in 
motor neuron number at 4 months of age, but an increase in 
small neurons and astrocytes in spinal cord ventral horns. 
Subsequent studies confirmed the lack of motor neuron loss at 
6, 9 and 17 months (Flood et al., 1999) and lack of vacuolation 
or chromatolysis, key features of ALS, at 4 and 18 months (Fischer 
et al., 2012). Microgliosis and ubiquitinated protein accumulation 
in motor neurons were ruled out, but mild astrocytosis was found 
at 4 and 18 months (Fischer et al., 2012). Evaluation of lumbar 
ventral roots confirmed no loss in motor neuron number, but 
interestingly axonal diameter was reduced at 6 and 19 months 
and evidence of degenerating and regenerating axons was seen 
in the ventral L3 root at the latter time point (Flood et al., 1999), 
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although another study did not see these results when analysing 
the L4 root (Fischer ef al., 2012). 

Although Sodl null mice do not develop overt motor neuron 
degeneration, there is now a considerable literature, summarized 
below and described in more detail in the Supplementary material, 
showing that compared with wild-type controls, these mice have 
a wide range of phenotypes, including several relevant to ALS, 
such as a slowly progressive motor deficit that manifests from 
early adulthood and likely involves defects in large motor axons. 

Sod1 null mice develop an adult-onset 
progressive motor axonopathy 

Behavioural data 

Sodl null animals appear indistinguishable from littermates at birth 
through to weaning (Reaume ef a/., 1996). Weight reduces with 
age compared with wild-type littermates (Jang ef al., 2010; Larkin 
et a/., 2011) and voluntary wheel running diminishes, which is a 
sensitive test for early locomotor defects (AAuller et al., 2006). At 9 
months of age Rotarod performance and stride-length worsen 
(Flood et al., 1999; Muller et al., 2006), although spontaneous 
locomotion is normal, thus changes in motivation are not likely to 
contribute to these results (Flood et al., 1999; Muller et al., 2006). 
At 1 year of age, Sodl ~'~ mice also have a deficit in grip- 
strength, and tremors (Fischer and Class, 2010) — hallmarks of 
neuromuscular disorders in mice (Muller et al., 2006). 

Neurophysiological data 

Direct neurophysiological measurement of the response to stimu- 
lation of nerve and muscle eliminates behavioural/motivational 
variability from the outcome. Such studies showed Sodl null 
mice have a reduction in muscle strength suggesting a progressive 
deficit in innervation (Larkin et al., 2011). Motor unit number is 
reduced at 3 months, with progressive loss with age (Shefner 
et al., 1999). Complex repetitive discharges found on needle 
examination indicate a deficit in the terminal part of the motor 
axon (Shefner et al., 1999). Measures of nerve conduction vel- 
ocity and latency analysis on sensory and mixed nerves, show a 
reduction only where a motor component is present, compatible 
with a deficit in the largest motor axons (Flood et al., 1999). Thus 
neurophysiological investigations show clear muscle denervation 
and deficits in motor axons and functional motor units in Sodl 
null mice. 

Axonal damage and early involvement of neuromuscular 
junctions 

Denervation in Sodl - ' - mice has been documented by neuro- 
muscular junction analysis of both fast and slow twitch muscles 
(Flood etai, 1999; Fischer etal., 2011, 2012; Larkin etal., 2011). 
Denervation progresses with age, maintaining a more aggressive 
pattern in fast-twitch rather than slow-twitch muscles (Jang etal., 
2010; Fischer et a/., 2012). Thus SOD1 is required for mainten- 
ance of motor axons and their terminals (Fischer et al. (2011) and 
without this protein, fast-twitch motor units are lost preferentially, 
as is also observed in patients with ALS and mouse models 
of familial ALS (Dengler et al., 1990; Pun ef al., 2006). The 



involvement of neuromuscular junctions as an early pathological 
target has been extensively documented in mouse models of 
SOD1-familial ALS (Murray ef al., 2010) and was shown to pre- 
cede motor neuron cell body loss in early disease in a patient with 
ALS (Fischer et al., 2004). 

Muscle pathology is secondary to denervation 

Muscle mass is progressively lost (Muller et al., 2006; Jang et al., 
2010; Larkin ef al., 2011) but has not been reported for organs 
such as liver, heart or kidney (Muller ef al., 2006). Angular muscle 
fibres, indicating denervation, are present by 2 months of age 
(Flood ef al., 1999) and by later time points a massive reduction 
in fibre number occurs, preferentially affecting type 2b fibres (fast 
glycolytic type innervated by large motor neurons), along with an 
increase in angular fibres (Reaume ef al., 1996; Larkin ef al., 

2011) . This muscle profile also occurs in mouse models of familial 
ALS-SOD1 (Kennel ef al., 1996; Frey ef al., 2000) and is typical of 
the neurogenic changes that initially affect larger motor neurons, 
suggesting that muscle pathology is secondary to axonal events. 

Confirmation of muscle pathology being secondary to axonal 
damage and denervation was obtained by crossing Sodl - ' - 
mice with transgenic mice expressing Sod1 in the CNS but not 
in muscle. In double mutant progeny, muscle pathology was fully 
rescued despite the absence of SOD1 in muscle (Flood ef al., 
1999). Further, in Sodl - ' - mice, measurements of steady state 
redox potential of glutathione (which is routinely used as indicator 
of the intracellular redox state) in tibial nerve and gastrocnemius 
muscle showed a selective involvement of the nerve at 4 months, 
again indicating the primary involvement of the axon (Fischer 
ef al., 2012). Thus muscle changes in Sodl~' - mice are second- 
ary to denervation; they are non-specific and also present in 
muscle biopsies from patients with ALS (Baloh ef al., 2007a). 

Sod1 _/ ~ motor neurons show increased 
vulnerability to stress 

SOD1 activity is important for motor neuron survival after injury as 
shown by facial axotomy of Sod1 null mice which resulted in a 
significant increase in motor neuron loss compared with wild-type 
controls. This is interesting when considering the potential role for 
injury and trauma in ALS (Pupillo ef al., 2012; Yip and Malaspina, 

2012) . 

Selective susceptibility to damage of the motor system 

An important feature of ALS is the selective involvement of motor 
neurons and their related circuits, and indeed the phenotypes 
induced by lack of SOD1 in mice preferentially affect motor neu- 
rons. Sodl - ' - mice have no significant deficits in somatosensory 
behaviour (Flood ef al., 1999). Further, neurophysiology testing 
showed preferential motor involvement in Sodl - ' - mice and, 
on histopathological examination, L3 dorsal roots at 19 months 
are normal in contrast to the ventral roots, which have signs of 
degeneration/regeneration (Flood etal., 1999). Finally, analysis of 
Sodl null epidermal nerves, which are the most distal tracts of the 
sensory axons, showed no abnormality, in contrast to their 
severely affected motor counterparts, the neuromuscular junctions 
(Fischer ef al., 2012). 
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Loss of SOD1 affects mitochondrial function 

Sod1~'~ mice lack superoxide scavenging function in the cytosol 
and mitochondrial intermembrane space, which contain Oj gen- 
erated by complex III (Muller et al., 2004). Sod1 null mitochondria 
release significantly increased amounts of OJ and therefore 
increased oxidative stress in these compartments was hypothesized 
to account for the neuromuscular phenotype of the mice (Jang 
et al., 2010). Fischer et al. (2011) demonstrated that mitochon- 
drial density is reduced in Sod1~'~ axons and, remarkably, they 
reversed this loss and the neuromuscular phenotype, by replacing 
SOD1 selectively in the mitochondrial intermembrane space of 
these mice. 

Mitochondrial dysfunction is associated with ALS (Faes and 
Callewaert, 2011) and mitochondria are important for distal 
axonal maintenance (Baloh ef al., 2007b; Cassereau et al., 
2011). Furthermore, mitochondrial transport abnormalities are 
described in tgSOD7-ALS mouse models (De Vos ef al., 2007). 
Also, abnormal mitochondrial accumulations have been described 
in lower motor neurons and proximal axons from patients with 
ALS, post-mortem (Sasaki et al., 2009). Thus it seems likely that 
damage to mitochondria through raised levels of free radicals may 
have a significant effect on distal axons of motor neurons. 

In summary Sodl~'~ mice appear normal up to the age of 
weaning, after which they develop a slowly progressive motor- 
neuronopathy that involves primarily the motor neuron axons 
and neuromuscular junctions and is accompanied by significant 
secondary denervation pathology in muscles (Supplementary 
Fig. 1). Sensory involvement is negligible. Although no motor 
neuron loss has been documented, these are more vulnerable 
to damage in Sod1~'~ mice. 

Other neuronal and extra-neuronal Sod1 
null phenotypes 

In addition to deficits in the motor system, Sod1 null mice develop 
a range of other disorders including: progressive neuronal hearing 
loss; progressive retinal degeneration; greatly increased suscepti- 
bility to cerebral ischaemia and brain trauma. Most importantly for 
studies of ALS, these mice have an increased susceptibility to neu- 
rodegeneration, for example, when crossed to a mouse model of 
Alzheimer's disease (Supplementary Box 1). 

Extra neuronal phenotypes are also striking, in particular the 
well-known susceptibility to hepatocellular carcinoma, a feature 
that also manifests in the human population; there is a positive 
correlation between SOD1 activity and postoperative hepatocellu- 
lar carcinoma survival time, as well as low levels of SOD1 and 
severity of hepatocellular carcinoma (Elchuri et al., 2005; 
Takahashi et al., 2002; Casaril et al., 1994; Liaw et al., 1997; 
Lin et al., 2001). Other non-neuronal features include impaired 
endothelial-dependent relaxation, thinning of the skin, osteopor- 
osis and female infertility (Supplementary Box 1). 

These remarkably wide-ranging phenotypes are perhaps not sur- 
prising in an animal that is missing such an important enzyme, but 
the tissue specificity partly points to effects in tissues with a high 
production of free radicals, such as the nervous system and liver. 
Further, the progressive nature of most of these phenotypes is strik- 
ing and may be relevant to the mechanism of SOD1 -familial ALS, 



both in terms of deficits increasing with age and in terms of targeting 
of many of the deficits to neuronal tissues. 

A SOD1 activity of 50% is 
not sufficient for normal 
neuronal function 

Sod1 +/ ~ mice have abnormal phenotypes including 
within the motor system 

Sodl null mice are invaluable for investigating in vivo conse- 
quences of SOD1 loss of function, and may provide clues for 
the effects of reduced enzyme activity in ALS. However, the 
100% loss of enzyme activity is a different setting from the aver- 
age 57% reduction in patients with ALS. Thus, although Sod1 null 
mice clearly indicate a susceptibility of specific tissues to the 
effects of a loss of SOD1 function, any discussion in the context 
of ALS must look at phenotypes that arise in Sod1 +/ ~ animals 
(Supplementary Fig. 1) that retain 50% SOD1 activity (Reaume 
et al., 1996) and so mimic the physiological levels described in 
patients with SOD1-familial ALS. Although Sod1 +/ ~ mice clearly 
do not develop an ALS-like syndrome, a wide range of studies 
show that Sod1 +/ ~ mice have abnormal phenotypes involving 
progressive cellular damage and deficits in reaction to injury and 
toxic stimuli. Here we consider how these may have implications 
for human ALS. 

Sod1 +/ ~ motor neurons are more susceptible to cell 
death after axon injury 

Sod1 + / ~ mice suffer significantly more motor neuron loss in 
response to facial nerve axotomy than wild-type mice. This 
result is intermediate between Sod1~'~ and control mice, sug- 
gesting a dose dependence of this effect and demonstrating that 
50% SOD1 activity is not sufficient for a normal function of motor 
neurons in response to injury (Reaume et al., 1996). 

Facial nerve axotomy was also performed on copper chaperone 
for SOD1 null mice (Ccs~'~), that retain only 20% of SOD1 
activity, owing to the lack of this crucial protein for delivery of 
copper to SOD1 (Box 2). Motor neuron survival was significantly 
reduced in Ccs~'~ mice (Subramaniam et al., 2002). This result, 



BOX 2 Ccs _/_ null mice model SOD1 partial loss of 
activity 

Another mouse model that is relevant to studying the effects of 
reduced SOD1 activity is the 'copper chaperone for SOD1' (Ccs) 
null mouse. Copper chaperones shuttle copper, which is toxic for 
cells in its free form, to intracellular target proteins. CCS delivers 
copper to SOD1 by direct protein-protein interaction and is 
required for full activation of SOD1 (Culotta et al., 1997, 1999). 
Mice lacking CCS (Ccs~ /_ ) were generated by gene targeting and 
retain only 20% of normal SOD1 activity; CCS-independent copper 
loading into SOD1 probably accounts for the remaining activity. 
Although the dismutase activity is impaired, there is no difference 
in the levels of SOD1 protein among wild-type, Ccs + / ~ and 
Ccs~ 7 ~ littermates (Wong ef al., 2000). 
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and the similar result from Sod1 +/ ~ mice, is important in light of 
the potential role for injury and trauma as a trigger in ALS patho- 
genesis (Pupillo ef a/., 2012; Yip and Malaspina, 2012). 

Spontaneous denervation, motor neuron sensitivity and 
reduction in mitochondrial numbers are not significant 
in Sod1 +/ ~ mice but all show trends 

Although Sod1 +/ ~ mice have been less studied than null animals, 
there have been comprehensive investigations of denervation in 
these mice (Fischer ef a/., 2011, 2012). At 18 months, 80% of 
tibialis anterior muscle (neuromuscular junctions) were innervated 
in Sod1 + / ~ compared with 92% in controls (Fischer et ah, 2011). 
This result did not reach statistical significance, but this trend was 
repeated in a following study (Fischer et a/., 2012). Currently, 
there is no evidence for spontaneous denervation in Sod1 +/ ~ 
mice. Experiments were conducted up to the time-point of 18 
months, the maximum limit when investigating Sod1~'~ mice — 
which develop and die of liver cancer at this stage — but could be 
extremely informative at later time-points for the Sod1 +/ ~ mice. 
Whether increased sample size or a later time-point would show a 
significant result, remains to be determined. 

Glutamate toxicity is enhanced in Sod1 + / ~ mice 

Glutamate toxicity is implicated in disease in patients with ALS and 
in animal models (llieva et a/., 2009). The role of SOD1 in neur- 
onal sensitivity to glutamate toxicity was assessed in vivo by 
intrastriatal injection of A/-methyl-D-aspartic acid and kainite glu- 
tamate receptor agonists. Sodl +/ ~ mice were more susceptible to 
the neurotoxic effects of both stimuli and had reduced glutamic 
acid decarboxylase and choline acetyltransferase activities com- 
pared with controls (Schwartz et a/., 1998). Thus SOD1 partial 
loss of function could play a role in facilitating damage from 
glutamate toxicity, which may have relevance to ALS. 

Increased susceptibility to cerebral ischaemia in Sod1 +/ 
mice 

Sod1 +/ ~ mice have decreased survival after induced focal cerebral 
ischaemia, along with increased early blood-brain barrier disrup- 
tion and increased infarct volume causing brain swelling. Apoptotic 
neuronal death is also increased demonstrating enhanced ischae- 
mia-reperfusion injury (Kondo et ah, 1997). Intriguingly, an im- 
portant mechanism involved in ischaemia-reperfusion injury is 
glutamate excitotoxicity, which as discussed above, is postulated 
to play a role in ALS pathogenesis (Beal, 1992). 

We note that blood-brain barrier alterations are found in 
tgSOD7-ALS mouse models and that indirect evidence of disrup- 
tion, such as increased cerebrospinal fluid (CSF) albumin/plasma 
albumin ratios, has been documented in patients with ALS 
(Leonardi et a/., 1984; Apostolski et at., 1991). 

Increased memory deficits and plaque formation in an 
Alzheimer's disease model on a Sod1 + / ~ background 

Overexpression in mice of the APP gene carrying the Swedish 
mutation causes behavioural deficits and plaque formation and 
thus models Alzheimer's disease (Bodendorf ef a/., 2002). When 
this mutation is expressed on a Sod1 +/ ~ background, it results in 
increased deficits in behavioural tests used to assess memory and 



in increased senile plaque formation, thus showing that lack of 
50% of SOD1 activity does indeed increase the development of 
a neurodegenerative phenotype in vivo. 

Ganglion neuron loss is increased with ageing in Sod1 +/ 
mice 

A 50% reduction in SOD1 activity results in reduced neuronal 
survival in vivo with respect to ganglion cell density, although 
this does not cause an apparent hearing deficit (Keithley et a/., 
2005). 

DNA methylation is reduced in Sod1 +/ ~ mice 
The effects of reduced mouse SOD1 activity could be relevant to 
ALS because DNA methyltransferases, the enzymes involved in 
DNA methylation, and 5-methylcytosine, the end-product of 
DNA methylation, were found to be upregulated in human ALS, 
suggesting that aberrant regulation of DNA methylation is part of 
the pathobiology of ALS (Chestnut ef a/., 2011). DNA methylation 
was significantly reduced at 2 months of age in Sod1 +/ ~ mice, 
although this study focused on prostate tissue (Bhusari et ah, 
2010). 

Sod1 + / ~ mice exhibit a contractile vascular phenotype 
with ageing 

High levels of superoxide play a major role in contractile vascular 
dysfunction and loss of a single copy of Sod1 is enough to 
increase vascular superoxide levels and produce vascular contract- 
ile dysfunction with ageing (Didion ef a/., 2006). 

Loss of mouse SOD1 activity to 50% of normal levels 
does not cause death of motor neurons but may be 
relevant to human SOD1-familial amyotrophic lateral 
sclerosis 

Sod1 +/ ~ mice show an increased loss of specific neuronal sub- 
types with ageing and an increased susceptibility to injury and 
toxic stimuli. These results are relevant to SOD1 -familial ALS 
given the similarity of enzyme activity levels between patients 
with SOD1 -familial ALS and Sod1 +/ ~ models. The vulnerability 
shown in motor neurons after injury, the susceptibility of neurons 
to glutamate toxicity, and the blood-brain barrier alterations seen 
in these mice are significant elements since they are mechanisms 
and alterations postulated to be involved in ALS pathogenesis. 

Overall Sod1~'~ and Sod1 +/ ~ animals do not recapitulate 
mouse ALS, but they have a wide range of phenotypes that are 
both related to ALS directly (for example, denervation, increased 
susceptibility to glutamate toxicity, increased susceptibility to 
axonal damage) and more generally to neuronal degeneration 
(for example, loss of ganglion and retinal cells) and therefore 
this raises the question of a contribution of SOD7 loss of function 
to disease. A further point to consider is that although several 
transgenic mice carrying SOD1 mutations have motor neuron de- 
generation and characteristics of human ALS, other mouse strains 
with well-characterized pathogenic mutations in different 'ALS 
genes' (for example, TARDBP) have phenotypes less clearly rem- 
iniscent of the human disease (Joyce ef a/., 2011). Thus it remains 
debatable as to how a mouse-ALS syndrome might manifest, and 
so considering all phenotypes that develop in the CNS of these 
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models is essential for understanding how ALS mutations cause 
disease. 

SOD1 activity and its influence 
on SOD1-familial amyotrophic 
lateral sclerosis mouse models 

SOD1 loss of function does not 
influence survival of transgenic SOD1 
disease models 

The possibility that SOD1 loss of function contributes to ALS 
pathogenesis has been investigated by analysing the double 
mutant progeny of Sod1~ ; ~ or of Ccs~'~ mice crossed to three 
tgSOD7-ALS lines overexpressing the human mutations, G93A, 
C37R and G85R. These crosses produce double mutant mice in 
which either the transgenic human mutant protein is the only 
SOD1 present (in the case of Sod1~'~ crosses) or both the en- 
dogenous and transgenically expressed SOD1 are mostly inactive 
due to the Ccs~'~ background. 

As both G93A and G37R mutant SOD1 retain dismutase activity 
(Fig. 1) they are not informative for the effect of SOD1 dismutase 
loss of function when on a Sod1 null background. Further, trans- 
genes often form multiple copy concatamers and indeed both 
the tgSOD1 G9SA and the tgSOD1 CS7R lines have an increase of 
> 6-fold of mouse SOD1 activity, compared with non-transgenic 
control mice (Bruijn etal., 1997; Subramaniam etal., 2002; Deng 
et al., 2006). As a result, even on a Ccs~'~ background, these 
two transgenic lines still have SOD1 activity levels comparable 
with those of non-transgenic wild-type mice and so are not 
useful for examining the effects of SOD1 loss of function on dis- 
ease course (Subramaniam et al., 2002). 

However, two experiments do examine the effect of mouse 
SOD1 loss of function on the disease developed by tgSOD7-ALS 
mouse models. These assess progeny from crosses of Sod1~'~ 
and Ccs~'~ with tgSOD1 C85R , a human ALS mutation that has 
no detectable intrinsic activity (Borchelt et al., 1994; Bruijn et al., 
1997). Activity is predicted to fall to 0% when crossed with 
Sod1~'~ (Bruijn etal., 1998) and shown to be 20% when crossed 
with Ccs~'~ , as expected, given the residual SOD1 activity of the 
Ccs~'~ line (Subramaniam et al., 2002). 

The tgSODl G85R line shows clinical signs of disease between 8- 
10 months of age, which aggressively progress to paralysis within 
a few weeks (Bruijn et al., 1997). The disease onset is much later 
than many other tgSOD7-ALS mouse models, this is appropriate 
for evaluating any potential modifying effect of SOD1 loss of 
function. Crosses to both Sod1~'~ (n = 5 double mutant progeny) 
and Ccs~'~ (n = 10 double mutant progeny) did not show signifi- 
cant effects on lifespan (Bruijn et al., 1997; Subramaniam et al., 
2002). 

Both of these studies resulted in seminal papers that have been 
extremely important to the field and have answered critical ques- 
tions about SOD1 gain of function in ALS. However, neither paper 
answered the separate question about whether loss of function 



modifies ALS, presumably and quite reasonably because that 
was not the focus of the papers. Both studies were performed 
using a cohort size too small to detect potential subtle changes 
[n = 5 in Bruijn et al. (1997) and n = 10 in Subramaniam et al. 
(2002)] and the sex of the mice analysed was not reported, al- 
though it is clear that in both humans and mouse, gender plays a 
role in ALS natural history (Acevedo-Arozena et al., 2011; Joyce 
et al., 2011). Furthermore, neither study evaluated the age of 
disease onset or performed behavioural analysis therefore not ad- 
dressing the possibility that SOD1 loss of function may have an 
impact on onset and disease course. Lastly, both studies lack a 
quantitative pathology analysis: Bruijn et al. (1997) noted n = 2 for 
axonal count in the L5 ventral roots, and Subramaniam ef al. 
(2002) perform a qualitative analysis only, at end-stage, therefore 
missing any potential modifier effect occurring during the disease 
process. 

Thus while it remains unclear if SOD1 loss of function modifies 
important disease characteristics such as age of onset or progres- 
sion, it appears not to affect lifespan. The lack of effect on survival 
in the absence of mouse SOD1 activity is an important result be- 
cause it shows that life expectancy in this line is determined 
uniquely by mutant SOD1. It has been also speculated that the 
lack of an effect on lifespan is due to the insufficient levels of 
endogenous SOD1 to counteract the oxidative stress present in 
the tgSOD7 CS5R mice, and because the tgSOD7 OS5R mice die 
before developing a significant oxidative stress-mediated motor 
axonopathy (Wang et al., 2012). With respect to onset and dis- 
ease course, a larger cohort would be required to note differences, 
particularly if they are subtle. 

SOD1 activity may influence disease 
course of transgenic SOD1 disease 
models 

While the effect of mouse SOD1 activity on disease onset and 
progression of tgSOD7-ALS models is unclear from the crosses 
to Sod7 null mice, there are other experimental data indicating 
that SOD1 activity may play a role in modifying SOD1 - 
familial ALS. 

SOD1 overexpression and influence 
on disease 

The effect of overexpression of wild-type human SOD1 on disease 
course has been tested by crossing mutant tgSOD7-ALS animals 
with transgenic mice overexpressing wild-type human SOD1 
(tgSOD7-WT). Double mutant progeny carry both the wild-type 
and mutant human SOD7 transgenes, with two copies of the en- 
dogenous mouse Sod1 in the genetic background (Bruijn et al., 
1998; Jaarsma et al., 2000; Fukada et al., 2001; Deng et al., 
2006; Wang et al., 2009a, b; Prudencio et al., 2010). Generally, 
a worsening of both age of onset and survival have been reported, 
compared with single mutant tgSOD7-ALS littermates. However, 
we note that tgSOD7-WT mice spontaneously develop motor 
neuron and axon loss and have misfolded SOD1 accumulations 
(Jaarsma et al., 2000) and develop an ALS-like disease when 
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expression is further increased (Craffmo ef al., 2013), making the 
results of these crosses hard to interpret. 

Of note, transgenic mice over-expressing CCS have also been 
generated and crossed to different tgSODI lines, and results have 
ranged from no effect to a significant worsening of the phenotype. 
However, CCS over-expression was shown to have biological effects 
in the absence of SOD1 enzymatic activation and also to have an 
influence on the reduced state of SOD1 , making these results not 
helpful for dissecting the role of dismutase activity on disease 
(Proescher et al., 2008; Son ef al., 2009; Graffmo et al., 2013). 

Tissue specific expression and 
inactivation of mutant SOD1 points to a 
modifying role for dismutase activity 

To address questions regarding the cell-autonomy of SOD1 -famil- 
ial ALS, investigators have used Cre-loxP technology to condition- 
ally eliminate mutant SOD1 expression in different cell lineages or 
used specific promoters to overexpress mutant SOD1 in selected 
cell types. Analysis of their results is beyond our scope here, but 
generally demonstrates a central role for neurons in the determin- 
ation of age of onset and disease progression in SOD1 -familial 
ALS, and has also pointed to a role for other cell types, such as 
astrocytes and microglia in influencing the course of the disease 
(llieva et al., 2009). 

Cre-loxP experiments were conducted using two mutant tgSOD7 
lines: conditional tgSOD7 C37R , which retains intrinsic dismutase ac- 
tivity, and conditional tgSOD1 C85R , which lacks activity. Neuronal 
excision experiments in both lines showed a beneficial effect on dis- 
ease onset and survival. Interestingly, for consideration of the effects 
of dismutase activity, significant differences were found between the 
conditional tgSOD1 C37R and conditional tgSOD1 C85R lines after 
mutant SOD1 excision from microglia and from astrocytes. 

A more profound amelioration was observed with the 
tgSOD1 C85R line in both experiments, with an effect on early 
disease with microglia excision and also on disease onset with 
excision in astrocytes; neither result occurred in the tgSODl C37R 
experiments (llieva et al., 2009; Wang et al., 2009b, 2011). A 
possible explanation for these divergent results has been proposed 
to lie in differences in dismutase activity (Wang et al., 2012). If in 
addition to the toxic gain of function effects, tgSOD1 G37R has 
neuroprotective effects in microglia and astrocytes due to its en- 
zymatic activity, then a knockdown of tgSOD1 C37R expression 
would have less ameliorative effects on the disease course than 
knockdown of the inactive SOD1 G85R (Wang et al., 2009b, 2011). 

In support of a modifying effect of SOD1 dismutase activity are 
findings obtained with the excision of tgSODl C37R from Schwann 
cells. Excision from the tgSOD1 C37R made the disease progression 
in the mice more severe. Lobsiger et al. (2009) proposed that 
SOD1 G37R activity in Schwann cell had a neuroprotective effect. 
Conversely, excision of the inactive SOD1 G85R caused a delay in 
disease onset, an increased survival and an amelioration of path- 
ology (Wang et al., 2012). Furthermore, increasing SOD1 G93A ex- 
pression specifically in Schwann cells of the tgSOD7 G93A mouse 
had a beneficial effect on disease (Turner et al., 2010). 



In conclusion, the experimental data overall point to a protective 
role of SOD1 dismutase activity, at least in some cell types, on 
non-cell autonomous degeneration and disease in SOD1-ALS. 

Conclusions 

SOD1 loss of function models share 
many commonalities with amyotrophic 
lateral sclerosis indicating specific 
cell-type sensitivities 

SOD1 loss of function was initially thought to play a role in ALS 
due to the discovery of disease-causing mutations in the SOD7 
gene and due to the well-established link between oxidative stress 
and neurodegeneration (Smith et al., 1991; Stadtman 1992; 
Stadtman and Berlett, 1997). Indeed free radical damage has 
been shown in CSF, serum and urine from patients with ALS 
(Smith et al., 1998; Simpson et al., 2004; Mitsumoto et al., 
2008) and proteins, lipids and DNA were shown to have elevated 
oxidative damage in ALS post-mortem material (Shaw et al., 
1995; Fitzmaurice et al., 1996; Shibata et al., 2001). As SOD1- 
familial ALS undoubtedly arises primarily from SOD1 toxic gain of 
function, the loss of dismutase activity may play a modifying role. 
The most useful tools to study this possibility in vivo have been 
the Sodl~'~ mice. These mice are a model of chronic oxidative 
stress, but do not develop a disease that models human ALS. 

Long term studies of Sod1~'~ mice show striking features 
related to ALS. Notably, these mice develop a progressive distal 
motor axonopathy and ALS has indeed been postulated to start by 
affecting the distal portions of the neurons including neuromuscu- 
lar junctions and axons (Murray ef al., 2010). The most affected 
motor units in Sod1~'~ mice are fast-twitch, which is in accord- 
ance with observations in ALS models (Frey et al., 2000). Motor 
neurons in Sodl null mice have an increased susceptibility to injury 
and importantly, stimuli such as trauma, could play a role in initi- 
ating ALS (Pupillo ef al., 2012) where humans, even if carrying 
disease-causing mutations, are healthy for decades. Further, in 
SodT~'~ mice, motor neurons are preferentially affected com- 
pared to sensory neurons, recapitulating the selectivity observed 
clinically and pathologically in ALS. 

The neuromuscular phenotype in Sod1 null mice has been 
demonstrated to be caused by the lack of SOD1 in the mitochon- 
drial intermembrane space and a related decrease in axonal mito- 
chondrial density (Fischer et al., 2011). The involvement of 
mitochondria in ALS and other forms of motor neuron disease 
such as spinal muscular atrophy, has been shown in animal and 
cellular models and indirectly in post-mortem material (Baloh 
et al., 2007b; De Vos et al., 2007; Acsadi et al., 2009; Sasaki 
et al., 2009; Wen et al., 2010; Faes and Callewaert, 2011). As 
described, Sodl~'~ mice have other phenotypes that underline 
the importance of this gene in neuronal ageing and in neurode- 
generation. Among these are the spontaneous progressive loss of 
retinal cells and auditory ganglion neurons, the increased suscep- 
tibility to APP induced neurodegeneration and the increased 
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susceptibility to apoptotic cell death following brain trauma and 
ischaemic injury. 

SOD1 activity is greatly reduced in 
human SOD1 -familial amyotrophic 
lateral sclerosis 

SOD1 activity is generally reduced to approximately half of normal 
in patients with SOD1 -familial ALS, as measured in red blood cells, 
lymphoblastoid cells and fibroblasts (Fig. 1). Indirect evidence 
raises the possibility that a more severe reduction could occur in 
susceptible tissues and cell types, owing to reduced mutant SOD1 
messenger RNA half-life in the CNS and due to possible effects of 
SOD1 protein misfolding and aggregation on activity. 

Data from other human diseases involving loss of enzyme ac- 
tivity shows many of these are recessive and heterozygotes are 
generally unaffected (Mitchell et al., 2011). However, this is 
clearly not the case in the Sod1 +/ ~ mouse; these animals have 
increased neuronal loss and increased susceptibility to injury. 
Further, the stimuli to which these mice are more susceptible are 
motor neuron axonal damage and glutamate toxicity, both closely 
related to ALS pathogenesis. In addition, the blood-brain barrier is 
more permeable following injury in these mice; indirect evidence 
of a similar state has also been described in patients with ALS and 
in mouse models of ALS. Exacerbation of neurodegenerative 
phenotypes in an Alzheimer's disease mouse model when on a 
Sod1 +/ ~ background also indicates a potential predisposition to 
neurodegeneration of mice with a 50% reduction in SOD1 activ- 
ity. Lastly, as Sod1 +/ ~ mice show a spontaneous loss of spiral 
ganglion cells this confirms that decreased dismutase activity has 
direct consequences on neuronal survival. 

A human SOD1 loss of function 
phenotype? 

Although both Sod1~'~ and Sod1 +/ ~ mice develop characteris- 
tics that have obvious relevance to ALS, we have found no data 
from human genetic analyses to suggest that SOD1 loss of func- 
tion alone causes the human disease. >155 mutations in SOD1 
have been described (Fig. 1), but there have been no truncation 
mutations occurring in the N-terminal part of SOD1 that would 
generate an effectively null allele (i.e. due to reduced expression 
from nonsense mediated decay of the messenger RNA or from 
inactivity of just a short stretch of N-terminal amino acids). We 
note a frameshift in exon 2 generating a predicted 35 amino acid 
protein that might be a null, has been reported in a family with 
ALS, but data regarding segregation are unclear making conclu- 
sions uncertain (Hu et al., 2012). 

Further, we could find no description of patients with full loss of 
SOD1 activity, even when SOD1 mutations are found in homo- 
zygosity. Of the six homozygous SOD1 mutations (L84F, N86S, 
D90A, L117V, L126S and G27delGGACCA) described, activities 
for four (D90A, L117V, L126S and G27delGGACCA) have been 
measured and vary between 25% and 93% of normal levels 
(Andersen et a/., 1995; Boukaftane et a/., 1998; Hayward et a/., 
1998; Kato et al., 2001; Zinman et al., 2009; Synofzik et at., 



2012). Of note, a patient with a CCS homozygous mutation has 
been described with SOD1 activity of ~25% of normal. This 
patient showed a complex neurodevelopmental phenotype; how- 
ever, this is attributed to a mutation in SLC33A1 and not a loss of 
SOD1 function (Huppke et al., 2012). 

SOD1 gain and loss of function could 
complement each other in amyotrophic 
lateral sclerosis pathogenesis 

A reduction in SOD1 activity is not causative for ALS (which is 
certainly what the mouse data show), however, it may modify 
disease, as suggested by results from the mouse cross experiments 
described above. It seems likely such modifying effects would 
come through an increased susceptibility to neurodegeneration 
either directly through, for example, the increased susceptibility 
to axonal damage seen in Sod1 +/ ~ mice, or indirectly through, 
for example, effects on respiration in high energy consumers such 
as motor neurons — note the recent finding that SOD1 is a critical 
focus for integrating 0 2 , glucose and superoxide levels, through 
casein kinase signalling, to repress respiration and directing energy 
metabolism, and that this role is independent of its function in 
oxidative stress (Reddi and Culotta, 2013). Thus SOD1 loss of 
function will likely have effects on cellular metabolism and, fur- 
ther, as it is still unclear why this enzyme is produced at such high 
levels, SOD1 may well have other as yet unknown roles in neur- 
onal function. 

Loss and gain of function mechanisms coexist in other neuro- 
degenerative diseases as shown in models of Huntington's disease 
(Zuccato et al., 2010), Parkinson's disease (Winklhofer et al., 
2008) and spinocerebellar ataxia 1 (Lim et al., 2008; Crespo- 
Barreto et al., 2010). Indeed both loss and gain of function 
have been hypothesized to contribute to pathogenesis in ALS 
caused by TARDBP and FUS mutations (Lagier-Tourenne and 
Cleveland, 2009; Guo et al., 2011). 

SOD1 has a crucial role in superoxide clearance and its loss of 
function generates an increased state of oxidative stress. In a 
tgSOD1-ALS mouse model, SOD1 is itself a major target of oxi- 
dization (Andrus et al., 1998) and SOD1 oxidation and glutathio- 
nylation, which occurs in response to oxidative stress, both 
increase the propensity of the dimer to dissociate and become 
misfolded (Khare et al., 2004; Rakhit et al., 2004; Ezzi et al., 
2007; Wilcox et al., 2009). 

These findings set the scene for a potential co-operation of 
SOD1 loss and gain of function in ALS pathogenesis. Indeed, a 
vicious circle can be hypothesized in which oxidized SOD1 has an 
increased propensity to misfold, causing seeding and aggregation 
of SOD1 and resulting in a reduction of dismutase activity, which 
therefore feeds more potential oxidative stress to the start of the 
loop (Fig. 2). We note that the strong link between SOD1 mis- 
folding and its loss of function (see above) make the two effects 
very difficult to assess independently. 

A number of recent findings have underlined how such a mech- 
anism could be relevant not only to SOD1 -familial ALS, but also 
to sporadic cases. Hyperoxidized and misfolded SOD1 have been 
demonstrated in sporadic ALS cases (Bosco et al., 2010; Forsberg 
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Figure 2 The cycle of SOD1 loss of function, schematic representation of a potential co-operation between SOD1 loss and gain of 
function in SO D1 -familial ALS pathogenesis. SOD1 loss of function (LOF) increases levels of oxidative stress, which through glutathio- 
nylation and oxidation, can facilitate the monomerisation of dimeric SOD1. Once monomerized, SOD1 is more prone to become 
misfolded, oligomerized and aggregated. The monomerization of previously active dimeric SOD1 and the recruitment of SOD1 into 
aggregates further enhance the loss of function, feeding back to the beginning of the loop. In this way the gain of function (GOF) effects 
of misfolded, oligomerized and aggregated SOD1, which are known to cause motor neuron degeneration, are amplified by the loss of 
function circle. Mutant SOD1 (mutSODI) has both a direct effect on reduction of SOD1 activity and induces SOD1 misfolding and 
aggregation. Mislocalisation of both TDP43 and FUS result in misfolding of SOD1. ER = endoplasmic reticulum; MN = motor neuron. 



et al., 2010; Guareschi et al., 2012) and misfolding of SOD1 was 
shown to be induced by both TDP43 and FUS mislocalization 
(Pokrishevsky et al., 2012), events that occur in the majority of 
sporadic patients with ALS (Maekawa et al., 2009; Deng et al., 
2010; Matsuoka et al., 2011). Recent studies demonstrating that 
SOD1 aggregation can be seeded in vitro from mouse 
tgSOD7 C93A spinal cord material (Chia ef al., 2010), and 'trans- 
mitted' between cells (Munch et al., 2011) extend the potential 
role for these pathogenic mechanisms to the clinical and patho- 
logical 'spread' of ALS (Ravits et al., 2007; Pokrishevsky et al., 
2012). Of note, SOD1 was also found to be oxidized in 
Alzheimer's disease and Parkinson's disease (Choi et al., 2005). 

In fact, it is possible to speculate that the absence of SOD1 in 
the loss of function mouse model omits one of the most important 
targets of oxidative stress in ALS — that is, SOD1 itself — leaving the 
pathogenic cascade incomplete. 

Finally, we note the lack of studies addressing the expression of 
the SOD1 trans allele in SOD1-familial ALS and the possibility that 
this plays a role in modifying the disease. Indeed, a 50 base pair 
deletion in the promoter region of SOD1 has been described to 
influence SOD1 expression and there have been attempts to cor- 
relate this with clinical characteristics in sporadic ALS, although so 
far results have not been replicated (Broom et al., 2008). To our 
knowledge no studies analyse the SOD1 trans-allele in SOD1- 
familial ALS cases for the presence of this variant or other factors 
influencing the expression of the trans-allele. 



Implications of SOD1 loss of function 
for current therapeutic approaches for 
amyotrophic lateral sclerosis and other 
diseases 

Therapies are being developed for ALS and other neurodegenera- 
tive disease caused by dominant mutations, which entail knock- 
down of the mutant allele RNA (Smith et al., 2006; Kordasiewicz 
et al., 2012; Lu and Yang 2012). This approach is showing prom- 
ise for Huntington's disease; a recent report has shown suppres- 
sion of huntingtin in Huntington's disease mouse models and in 
the non-human primate brain, and a 75% suppression of hunting- 
tin throughout the CNS appears to be well tolerated (Kordasiewicz 
et al., 2012). 

A number of analogous strategies have been tested for SOD1 
(Ralph et al., 2005; Raoul et al., 2005; Saito et al., 2005; Smith 
et al., 2006; Wang et al., 2010; Towne et al., 201 1; Wright ef al., 
2012) and have shown very encouraging results. Excitingly, a phase 
1 clinical trial has been conducted in SOD7-ALS (Fratta, 2013; Miller 
et al., 2013) using antisense oligonucleotides that silence both 
mutant and wild-type SOD1 , that were previously shown to be 
effective in a transgenic SOD7-ALS rat model (Smith et al., 2006). 
The main aim of this study, the first of its kind, was to assess safety 
and so the treatment was undertaken for periods too brief to obtain a 
biological effect on SOD1 levels, so although the regime is reported 
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to be well-tolerated, it remains to be determined whether SOD1 
downregulation causes unwanted effects. 

The Sod1 knockout mouse data presented here are important 
for these types of studies in illustrating the need to understand the 
full implications of such strategies. These are not only neuronal; 
for example, the reason most Sod1 null (and a small percentage of 
Sod1 +/ ~) mice die is liver cancer. Thus particular attention must 
be paid to delivery routes, protein levels and distribution. 

We note that the null mice lack Sodl completely, from the 
earliest time in development, and no appropriate model appears 
to be available currently for evaluating the effects of long-term 
endogenous Sodl knockdown from adulthood. The preclinical 
trials with RNA interference technologies used tgSOD7-ALS 
adult models to investigate SOD1 reduction on a very early 
onset and fast progressing disease, but did not study potential 
long term effects (Raoul et al., 2005; Smith et a/., 2006). 
Experiments using conditional Sodl alleles would help clarify the 
situation. A hopeful note for ALS from the Huntington's disease 
study is that transient knockdown ameliorates disease for an ex- 
tended period (Kordasiewicz et al., 2012). 

The data from Sod1 +/ ~ animals indicate that in patients with 
SOD1-ALS there may be a case for epidemiological studies of the 
known phenotypes that arise with a 50% enzyme loss; for ex- 
ample, is there a greater incidence of cardiovascular disease and 
stroke in families with SOD1 -familial ALS? Do these families have 
an increased incidence of liver cancer or, protection from tumours 
such as lung cancer, given that the majority of human lung adeno- 
carcinomas express SOD1 at higher than normal levels (Somwar 
et al., 2011). 

Finally, knowledge of the effects of SOD1 loss of activity clearly 
indicates that this gene should be screened in cohorts with dis- 
eases such as hereditary distal motor neuropathies, age-related 
macular degeneration and progressive hearing loss, because both 
homozygous and heterozygous loss of function are compatible 
with life, at least in mice, but have abnormal phenotypes. 
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